To evaluate the effectiveness of electrocardiographically (ECG)-gated retrospective image reconstruction for multi-detector row computed tomographic (CT) coronary angiography in reducing cardiac motion artifacts and to evaluate the influence of heart rate on cardiac image quality.
ECG-gated Reconstructed
To evaluate the effectiveness of electrocardiographically (ECG)-gated retrospective image reconstruction for multi-detector row computed tomographic (CT) coronary angiography in reducing cardiac motion artifacts and to evaluate the influence of heart rate on cardiac image quality.
MATERIALS AND METHODS:
Sixty-five patients with different heart rates underwent coronary CT angiography. Raw helical CT data and ECG tracings were combined to retrospectively reconstruct at the defined consecutive z position with a temporal resolution of 250 msec per section. The starting points of the reconstruction were chosen between 30% and 80% of the R-R intervals. The relationships between heart rate, trigger delay, and image quality were analyzed.
RESULTS:
Optimal image quality was achieved with a 50% trigger delay for the right coronary artery and 60% for the left circumflex coronary artery. Optimal image quality for the left anterior descending coronary artery was equally obtained at 50% and 60% triggering. A significant negative correlation was observed between heart rate and image quality (P Ͻ .05). The best image quality was achieved when the heart rate was less than 74.5 beats per minute.
CONCLUSION:
To achieve high image quality, the heart rate should be sufficiently slow. Selection of appropriate trigger delays and a decreasing heart rate are effective to reduce cardiac motion artifacts.
Accurate detection of coronary artery disease is a great challenge with a noninvasive cross-sectional imaging technique. The small diameter of the coronary vessels, their complex three-dimensional shape, and their rapid movement due to cardiac contraction limit the use of conventional nongated helical computed tomography (CT) to accurately display the coronary arteries.
Earlier investigators (1,2) have suggested that for artifact-free cardiac imaging, scanning times should be less than 50 msec. Electron-beam CT, with its 100-msec scanning time, synchronized to the cardiac cycle by using prospective electrocardiographic (ECG) triggering, has been used to detect and quantify coronary artery calcification (3-7). However, electron-beam CT is not widely available and possesses some image quality trade-off that makes it function best as a dedicated tool for detecting coronary artery calcification.
Coronary calcium can also be detected with helical CT, although some investigators have dismissed helical CT as too unreliable for quantification because of a lack of sensitivity, accuracy, and reproducibility (8). Becker et al (9, 10) have recently pursued the application of helical CT using ECG triggering to quantify coronary artery calcification with scoring results, with good correlation to electron-beam CT results.
Cardiac gating of CT data is one possible way to decrease the effects of cardiac motion (8, 11) . With helical CT, gating of the cardiac images to the ECG examination can be accomplished retrospectively. The essence of the technique is reconstruction of images at the point in the cardiac cycle at which minimal cardiac motion is present. Multi-detector row CT, with four simultaneously scanned sections and half-second rotation time, pro-vides a new opportunity for cardiac imaging. Partial view acquisition and ECGgated helical reconstruction, both of which are feasible with this new type of scanner, allow for a 250-msec image acquisition in the slow-motion phase of the cardiac cycle (11) . This permits both detection and measurement of coronary calcium (12) , as well as CT angiography (13, 14) . Despite a still slightly longer exposure time, as compared with electronbeam CT, multi-detector row CT promises to be superior to electron-beam CT, with a higher signal-to-noise ratio and spatial resolution. The purpose of this study was to evaluate the effectiveness of ECG-gated retrospective image reconstruction for multi-detector row CT coronary angiography in reducing cardiac motion artifacts and to evaluate the influence of heart rate on cardiac image quality.
MATERIALS AND METHODS
Approval by the federal and institutional review boards and informed consent were obtained after the procedure had been fully explained to the patients. Evaluation was performed in the first 65 consecutive patients (53 men and 12 women) with various heart rates at the time of the investigation who were referred for cardiac CT angiography. The age and heart rate ranges of the patients were 35-77 years (mean age, 60.2 years Ϯ 11.1) and 45.0 -96.8 beats per minute, respectively. Indications for examination in the patient population were symptoms of angina pectoris or suspicion of progressive coronary artery disease (n ϭ 54), coronary artery stent placement (n ϭ 6), bypass surgery (n ϭ 2), or presurgical planning (ie, lung transplantation, replacement of the ascending aorta, or mitral valve replacement; n ϭ 3).
CT angiography was performed with a multi-detector row scanner (Somatom Volume Zoom; Siemens Medical Systems, Forchheim, Germany) with commercially available cardiac reconstruction software (HeartView; Siemens Medical Systems). Contrast material was administered with an 18-gauge needle in the cubital vein. The scanning delay was determined by injecting a 20-mL test bolus, with a 3-mL/sec flow rate and scanning every 2 seconds in the ascending aorta at the level of the main pulmonary artery. The scanning delay was then determined as the interval from the start of injection to peak enhancement in the ascending aorta, plus 3 seconds. The additional 3-second delay was chosen to ensure passage of the contrast material into the coronary vessels before the onset of scanning, especially in patients with reduced cardiac output caused by atrial fibrillation.
Coronary vessel enhancement was achieved with 140 mL of nonionic contrast material (Ultravist 300; Schering, Berlin, Germany) injected at a flow rate of 3 mL/sec. After the predetermined delay, helical CT scanning (120 kV and 300 mAs) was begun with simultaneous acquisition of four 1-mm collimated sections at a 3.6-mm/sec table speed and a 500-msec rotation time. During helical scanning, the ECG tracing was digitally recorded and stored on a personal computer workstation. Helical scanning was performed within a single breath hold from 1 cm below the carina to the base of the heart, covering 12 cm in 30 -34 seconds (mean, 32 seconds), depending on the dimensions of the patient. All patients were informed of the total scanning duration and instructed to hyperventilate and hold their breath at near-maximal lung capacity for each examination.
Raw helical CT data and the digital ECG trace were used to retrospectively reconstruct the transverse images, with a constant temporal resolution of 250 msec per section. To find the delay best suited to obtaining high image quality, sections at every given z position were reconstructed beginning at 30%, 40%, 50%, 60%, 70%, and 80% of the R-R interval after the previous R wave. The field of view was adjusted to encompass only the heart. The effective section thickness and reconstruction increment were 1.25 and 0.50 mm, respectively, resulting in 210 -240 transverse sections for the entire volume.
Multi-detector row CT angiography was successfully completed in all 65 patients. The imaging protocol was well tolerated by all patients. No reactions to contrast material or adverse events occurred. All subjects were able to hold their breath for the required duration. The total room time required for each study was 20 minutes or less, including all preparations for scanning.
Monitor reading in scroll-through mode was used for the independent interpretation of the transverse multi-detector row CT angiographic images by two radiologists (C.R.B., R.B.) experienced in cardiac imaging (with 4 and 3 years of experience in cardiac CT, respectively). Both readers were blinded to the ECG-gating parameter. The coronary tree was segmentally analyzed on the basis of a model suggested by the American Heart Association, which included the right coronary artery (RCA), left anterior descending (LAD) coronary artery, and left circumflex (LCx) coronary artery (15) . The results were compared on the basis of image quality for sharp delineation of the three major coronary arteries reconstructed at each retrospective ECG trigger delay tested. Graph of score for image quality versus delay of ECG-gated reconstruction. The optimal delay for the RCA is at 50% of the R-R interval. Higher scores are achieved for the LAD and LCx arteries at 50%-60% and 60% of the R-R interval, respectively. For all coronary arteries, the peak score is at 50% of the R-R interval.
A five-point scale was used, with which the image quality in each coronary segment reconstructed at each trigger delay was interpreted as: 5, no motion artifacts (clear delineation); 4, minor artifacts (slight blurring in some segments of the major vessels); 3, moderate artifacts (double-imaged structures in more than half the course of the major vessels); 2, severe artifacts (doubling and blurring of the whole course of the major vessels with structure discontinuity); or 1, nondiagnostic (vessel structures not differentiable). The scores of image quality for each major coronary artery were rated independently by using this scale; a score of 4 or higher was considered acceptable in terms of image quality.
The mean values for all patients from the two observers were correlated with delay. Moreover, the correlation between heart rate and image quality was calculated for all patients by using the Spearman rank correlation coefficient. The linear regression correlation between heart rate and image quality resulting from the optimal trigger delay was calculated to determine the limit of heart rate suitable for obtaining high image quality. Figure 1 shows, for the two observers, the mean values for all patients, which depended on the R-R interval trigger delay for the three coronary arteries. Among individual patients, maximum image quality was found at a trigger delay of 50% for the RCA and 60% for the LCx artery. The maximum image quality for the LAD artery was equal at 50% and 60% delay values. Shorter and longer delays resulted in a clear decay of image quality for all three coronary arteries. Representative images are shown in Figure 2 .
RESULTS
The Spearman rank correlation coefficients for heart rate and image quality are shown in the Table. Fifteen of 18 calculated values showed a significant negative correlation (P Ͻ .05) between heart rate and image quality. Image quality decreased with increasing heart rate for a majority of coronary arteries and a majority of trigger delays (Fig 3) .
Among the 65 patients, only three had arrhythmias with multiple premature ventricular contractions. The heart rates of the other 62 patients with regular sinus rhythms were not constant during one breath hold; they initially decreased and then increased again toward the end of the breath hold (n ϭ 56) or did not vary (n ϭ 6).
The linear regression equation (Fig 4) shows that the most suitable heart rate for obtaining high-quality images (score of 4 or 5) for the three major coronary arteries with an optimized trigger delay of 50% of the R-R interval was less than 74.5 beats per minute. Transverse reconstructed CT angiographic images of the RCA (top row) and LAD (bottom row) with different trigger delays in a 56-year-old male patient with a heart rate of 63 beats per minute. Maximum image quality is found at a trigger delay of 50% for both the RCA (arrow, top row) and LAD artery (arrows, bottom row). Shorter and longer delay triggers resulted in decay of image quality. RR ϭ R-R interval. Transverse CT angiographic images of the RCA in a patient with a heart rate of 61 beats per minute (top row) and in another patient with a heart rate of 82 beats per minute (bottom row) at the same trigger delay of 50%. The RCA (arrowheads in bottom row) of the patient with the higher heart rate is blurred because of motion artifacts. Note the improvement in image quality of the RCA (arrowheads in top row) in the patient with the lower heart rate.
DISCUSSION
When coronary CT images undergo degradation due to cardiac or respiratory motion, important morphologic details are lost. Techniques that can substantially reduce this image degradation during cardiac scanning and postprocessing will facilitate clinical utilization and increase the amount of information gained from these techniques.
Electron-beam CT with prospective ECG triggering (3) is currently established as an effective noninvasive imaging modality for detecting coronary artery calcification. For prospective ECG triggering, the next R-R interval is estimated on the basis of the median of the last seven R-R intervals. Prospective ECG triggering fails with rapid changes in heart rate, as is the case in patients with cardiac arrhythmias (16) . Retrospective ECG gating does not rely on estimation of the presumed next R-R interval. Reconstruction data intervals can be accurately measured on the basis of the actual R-R intervals (17) that occurred during scanning. With retrospective ECG gating, the final reconstruction is based only on images obtained during a portion of middiastole, with the reconstruction trigger selected according to the actual heart rate. This greatly reduces cardiac motion artifacts.
A major problem causing the reduced sensitivity of electron-beam CT angiography in previous studies (18 -20) has been the inability to assess the RCA and LCx artery in a large proportion of patients. Schmermund et al (21) found that in 26% of patients, not all proximal and middle segments of the RCA and LCx artery could be visualized because of motion artifact caused by systolic contraction of the atria, arrhythmias, small vessel size, poor opacification, or poor signal-to-noise ratio. In addition, similar reasons plus severe calcification of the coronary arteries are responsible for a large number of false-positive results in CT angiography of the coronary arteries. Clinically, there is therefore great interest in the assessment of heart rate and trigger delays as important factors that influence cardiac CT image quality. To our knowledge, few systematic evaluations of the influence of heart rate on cardiac image quality (22) (23) (24) have been published. The current study focused on heart rate and the reconstruction trigger delay as predictors of CT image quality for each coronary artery. The differences in resolution between images acquired across a spectrum of R-R interval trigger delays described in our study suggests that delaying the reconstruction trigger in diastole improves image quality. However, paradoxically, a very long trigger delay, such as a trigger of 80% of the cardiac cycle, can also degrade the image because atrial contraction during end diastole causes rapid movement of the base of the heart (25) .
Essential for the reduction of cardiac motion artifacts is shortening of acquisition time. Although the current electronbeam CT technique with a shortened temporal resolution of 100 msec has advantages over multi-detector row CT, it too has a strong dependence on the time of image acquisition during the cardiac cycle (24) . Acquisitions at the end of systole or at early diastole (beginning at 10%-30% of the cardiac cycle) and before atrial contraction (at approximately 80% of the cardiac cycle) result in more artifacts than do those at middiastole. As compared with multi-detector row CT, with a 250-msec acquisition time, electron-beam CT more easily enables completion of acquisitions during short cardiac cycles in patients with higher heart rates. Authors of a recent study (26) in which electron-beam CT angiography was performed also have shown that the fewest motion artifacts occur at 40%-60% of the R-R interval. Similar to our results, the movement of each coronary artery varies individually. The current standard protocol of triggering at 80% of the R-R Regression plot of image quality scores (y axis) of multi-detector row CT angiography versus heart rate (x axis) of patients. Linear correlations for 50% (squares) and 60% (triangles) follow the equations y ϭ Ϫ0.033x ϩ 6.490 (r 2 ϭ 0.537) (black line) and y ϭ Ϫ0.037x ϩ 6.638 (r 2 ϭ 0.508) (gray line), respectively. According to the equations, high image quality can be achieved with a heart rate lower than 74.5 beats per minute at 50% triggering. The difference in image quality score for 50% and 60% triggering becomes evident after heart rate increase. bpm ϭ beats per minute.
interval might not be optimal for imaging of the coronary segments near the right or left atrium. In the future, an individualized reconstruction protocol allowing each coronary artery its own optimal trigger point would be likely to further decrease motion artifacts.
Retrospective ECG gating can be also applied to multi-detector row helical CT reconstruction techniques. Multi-detector row CT allows reconstruction of images with arbitrary (ie, overlapping) increments in any phase of the heart cycle. Continuous retrospectively ECG-gated multi-detector row CT volume scanning allows three-dimensional reconstruction of the heart volume in different cardiac motion phases. This allows assessment of cardiac motion in a "four-dimensional" fashion (cine-display, animated three-dimensional reconstruction with the added temporal dimension of myocardial motion) (11) . In all phases of the heart cycle, imaging data are available for reconstruction of the entire heart volume without gaps. Such a four-dimensional image for true functional volume imaging of the moving heart can be generated from various three-dimensional images with incrementally changed settings of the delay parameters within the cardiac cycle. New cardiac CT applications need to be investigated that make use of functional imaging capabilities, such as functional evaluation of specific cardiac anatomic structures (eg, the pulmonary or mitral valve) or determination of ventricular function parameters on the basis of reformations of long-and short-axis views. Three-dimensional volumes obtained with 250-msec temporal resolution in phases of high motion (ie, the systolic phase) may be of adequate quality for evaluating larger structures.
We have shown an inverse relationship between heart rate and image quality. This relationship is apparent in reconstruction of data in patients with higher heart rates, irregular heart rates, or arrhythmias. This relationship is also true for myocardial infarction, which often results in a shorter diastole, as well as ECG abnormalities that may prevent appropriate trigger selection. Our correlation was better in patients with a lower heart rate, and this may be attributable to a longer period of diastole. Whereas heart rate acceleration increases the systolic component of the cardiac cycle relative to diastole, a decrease in heart rate reduces it, particularly a decrease to fewer than 75 beats per minute (27) . Thus, decreasing heart rate (eg, with pharmacologic treatment) would appear to increase diastole and thus secondarily improve image quality.
As the heart rate changes during investigation as a result of the Valsalva maneuver, which is inevitably performed with deep inspiration (16) , rapid adaptation of the ECG trigger to the heart rate is essential, especially in arrhythmias. The trigger, retrospectively chosen and expressed as a percentage of the cardiac cycle, will be much more suitable for continuously keeping the reconstruction positions in the least-motion phase than will the prospective trigger as a fixed time.
Multi-detector row CT technique is currently limited by the temporal resolution per section (250 msec). To achieve high image quality, the heart rate of the patient needs to be sufficiently slow. We therefore anticipate the potential benefit of heart rate-lowering drugs, such as the ␤-blockers that we often administer orally 1 hour prior to investigation. Even if the relationships between heart rate reduction, trigger selection, and image quality are complex, there is a strong possibility that ␤-adrenergic blockade would improve cardiac CT image quality.
In conclusion, the results of our study have demonstrated the dependence of image quality on trigger delay when retrospectively reconstructing ECG-gated helical CT coronary angiograms. Selecting appropriate trigger delays and decreasing heart rate are effective for reducing cardiac motion artifacts. Although cardiac arrhythmias can still interfere with retrospective gating, this method is expected to continue to improve with the introduction of new techniques for finding the optimum trigger. Some progress can be achieved with reconstruction algorithms that provide improved temporal resolution with sampling data from consecutive heartbeats. However, general application of these algorithms is limited because they rely on regular sinus rhythms and heartbeat; improved temporal resolution is often related, with reduced spatial res
